MINIATURIZED HOLOGRAPHIC FOURIER TRANSFORM SPECTROMETER WITH 

DIGITAL ABERRATION CORRECTION 



[001] This application claims the benefit of U.S. Provisional application No. 60/428,907, filed 
November 26, 2002, the disclosure of which is hereby incorporated herein by reference. 

Background of the Invention 
[002] This invention relates to the field of optical spectrometers, and more particularly to 
holographic Fourier transform spectrometers (HFTS), and more particularly to an aberration- 
limited HFTS having improved performance due to the digital aberration correction. 
[003] The idea of using optical interference for retrieval of spectral information has a long 
history, dating back to the 19th century and works by H. Fizeau, L. Foucault and later A. A. 
Michelson. Rapid development of interferometric spectroscopy in the second half of the 20th 
century started with groundbreaking works by Fellgett and Jacquinot, who were first to 
document the multiplex and throughput advantages of the Fourier spectroscopic technique. By 
the 1960's step scan interferometers dominated the far infrared spectral region, but due to the 
slowness of the computers available at that time an incentive existed to eliminate the computing 
step of the conversion of the interferogram into its corresponding spectrum. 
[004] The first successful application of optical processing for restoration of spectral 
information from a hologram was demonstrated in 1965, but this application involved the 
scanning of one arm of the interferometer, while moving the recording medium at the same 
speed. The first demonstration of a completely static Fourier transform spectrometer (FTS) was 
published at about the same time. In this experiment a two beam interference pattern was 
produced in a birefringent crystalline quartz prism and reimaged on a photographic plate. After 
digitization, the interferogram was converted into a spectrum using a computer. A few other 
examples of a holographic FTS (HFTS) with optical transformation of the interferogram 
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appeared later, using a tilted mirror in a Michelson-Twyman-Green interferometer, shearing 
Sagnac interferometer, Lloyd's mirror, and a modified Mach-Zehnder interferometer. But the 
rapid progress of digital computing power, the invention of a fast Fourier transform algorithm, 
and the broad use of photoelectric radiation detectors instead of photographic plates has made the 
optical Fourier transformation of interferograms unnecessary. 

[005] With scanning FTS firmly established in the far infrared and infrared, and grating 
spectrometers dominating the UV/visible region, where due to predominantly photon noise the 
Fellgett multiplex advantage does not exist, the development of HFTS devices appeared to reach 
steady state. However, a new thrust in this area started when the static interference pattern in the 
output of the interferometer was sampled with a multichannel photodiode detector, connected to 
a microcomputer. The resulting capability to provide imaging information in one direction with 
the spectral information in the other, combined with a compact and rugged design with no 
moving parts, made HFTS very attractive for remote sensing (often called digital array scanned 
interferometers or DASI, US Patent 4,976,542). Holographic FTS also were successfully tested 
in astronomy, single event rapid spectroscopy, Raman spectroscopy, and toxic gases monitoring. 

Summary of the Invention 
[006] There is another emerging field where HFTS's have a large potential; namely, in the 
miniaturization of spectral devices. Although miniature spectrometers of the dispersive type with 
few centimeter size are already available commercially, it has been found that the high 
throughput of HFTS allows such devices to be made significantly smaller than dispersive type 
spectrometers for a given resolving power. Therefore, in accordance with the present invention, a 
simplified optical system suitable for miniaturization is provided for an HFTS with digital 
aberration correction. 
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[007] The interferometric HFTS principle of operation is based on the relative shifting of two 
virtual coherent images of the radiation source, located at the front focal plane of the output 
optical system. At the back focal plane of the optical system, parallel beams originating at each 
of the images produce an interference pattern. In the absence of optical aberrations the spatial 
frequency of the interference fringes of this pattern is directly related to the spectral frequency of 
the radiation source, so that the whole spectrum can be restored from the digitized interference 
pattern by a Fourier transformation. In the presence of optical aberrations the interference 
pattern is distorted and the same Fourier transformation results in a distorted frequency spectrum 
with greatly degraded optical resolution. Due to this fact, all known HFTS either use high 
performance lenses with the aberrations corrected by the standard means of optical engineering 
or operate with small numerical apertures. 

[009] The present invention is directed to an HFTS with a simplified optical system, where the 
effects of optical aberrations are corrected by an appropriate digital transformation of the 
interference pattern. The effect of aberrations on the interference pattern in the focal plane of the 
output lens can be described as additional contributions to the aberration free linear phase shift 
between two interfering beams. This contribution restricted to the primary aberrations is: 

Ay' = 0 1O o£+ tf 2 o<)2^+ a 020 2P£ p + a 110 (P£ + a m T£ P + a m T£. 

[010] The pupil location is chosen to be at the detector plane and dimensionless coordinates are 
introduced, where x mdy relate to the coordinates in the field of view of the output Fourier lens 
with focal distance / and x' and y' are the coordinates in the pupil: 

[011] The symmetrized combinations of the dimensionless coordinates are also introduced: 

K = \i2(e + rj 2 } P = tf P + m> r=i/2g+^). 
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[012] The term a ou T^ p contains only pupil coordinates and does not depend on the field 
coordinates. It is responsible for the fixed distortion of the parallel interference fringes. There are 
several higher order aberrations as well as certain defects of the optics with such property. 
[013] The present invention suggests a simple way of correcting these aberrations by rescaling 
the interference pattern to compensate for the distortion. The result will straighten the 
interference fringes. 

[014] The simple digital aberration correction procedure of the invention is different in several 
aspects from more general methods that are based on a phase restoration technique. First, the 
previous applications of the aberration correction were used for imaging systems, not for afocal 
ones such as the HFTS. Second, the correction described here is applicable to a broadband 
source, not a monochromatic one as is usual in electron microscopy. And third, there is no need 
for a series of images with variable focal position or some other parameter. 

Brief Description of Drawings 
[015] The foregoing, and additional objects, features and advantages of the present invention 
will be apparent to those of skill in the art from the following detailed description of preferred 
embodiments thereof, taken with the accompanying drawings, in which: 

Figure 1 is a diagrammatic ray tracing for a miniaturized scalable cylindrical HFTS in 
accordance with a first embodiment of the invention; 

Figure 2 is a diagrammatic three-dimensional illustration of the HFTS of Figure 1; 

Figure 3 is a diagrammatic ray tracing for a miniaturized HFTS using microlenses in 
combination with Littrow prisms, in accordance with a second embodiment of the invention; 

Figure 4 is a diagrammatic three-dimensional illustration of the HFTS of Figure 3; 

Figure 5 is a diagrammatic ray tracing for a miniaturized HFTS using microlenses and 
Littrow prisms, in accordance with a third embodiment of the invention; 
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Figure 6 is a diagrammatic three-dimensional illustration of the HFTS of Figure 5; 

Figure 7 is a diagrammatic illustration of the optical layout of a miniaturized HFTS 
incorporating an asymmetric shift interferometer in accordance with a fourth embodiment of the 
invention. 

Description of Preferred Embodiments 

[016] The foregoing concepts have been utilized, in accordance with the invention, in 
fabricating miniaturized, scalable HFTS devices, and several embodiments of such devices are 
described herein below. In a first embodiment, a scalable cylindrical interferometer with an 
additional external lens (not necessarily miniature) was fabricated and tested. A second 
embodiment was based on custom made small Littrow prisms and standard microlenses, while a 
third embodiment was made entirely from standard optical off-the-shelf components and was 
assembled into a complete spectrometer with a CMOS array detector and a laptop computer. A 
fourth embodiment, for use where a vacuum enclosure is required, is an asymmetric shift 
interferometer utilizing a polarizing beamsplitter. 

[017] In the first embodiment of the invention, a cylindrical HFTS 30 is illustrated by a ray 
tracing shown in Fig. 1 and in a three-dimensional schematic presented in Fig. 2. The 
interferometer 30 can be produced from a single glass rod 32 of an arbitrary radius R. The rod is 
cut along planes parallel to its longitudinal axis to form left and right segments 34 and 36 having 
respective cut surfaces 38 and 40 which are polished and assembled along line 42 to form the 
interferometer 30. The segments 34 and 36 incorporate respective cylindrical surfaces 44 and 48 
which are portions of the rod, and the cut surfaces are located so that, when assembled, the axis 
50 of cylindrical surface 44 lies in segment 36, and the axis 52 of cylindrical surface 48 lies in 
segment 34. Each of the axes 50 and 52 is at a distance R/4 from the line 42 where the polished 
surfaces 38 and 40 are joined. Before assembly, a coating 54 is deposited on one or both of the 
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polished surfaces 38 and 40 to form a beamsplitter which lies in a plane parallel to, and between, 
the axes 50 and 52. 

[018] Mirror surfaces 56 and 58 are cut on the segments 34 and 36, respectively, with the 
planes of the mirror surfaces being parallel to the axes 50 and 52 and being cut at angles 60 and 
62 of 30° each with respect to the plane of the beamsplitter 54. Each of the mirror surfaces 56 
and 58 is located on one segment and faces a corresponding cylindrical surface 48 and 44, 
respectively, on the opposite segment to form a Sagnac interferometer. The mirror surfaces thus 
are each located at such a distance from their corresponding cylindrical surfaces that the path of 
light beams propagating in the interferometer 30 and passing through both of the axes 50 and 52 
will form an equilateral triangle 64. If the material of the rod has a refractive index n = 1 .5, 
which is close to the value for many optical glasses, each side of the equilateral triangle will have 
a length R equal to the radius of the rod. 

[019] An external input lens 70 is positioned to direct an impinging light beam 72 into the 
interferometer 30 through cylindrical surface 48 and to focus that light at its axis 52. The 
incoming beam 72 is divided at beamsplitter 54, with a first portion 74 being transmitted through 
the beamsplitter to pass through axis 52, be reflected by mirror 56 to mirror 58, and be reflected 
by that mirror back to the beamsplitter, where it is reflected out of the interferometer through 
cylindrical surface 44 to detector 76. Similarly, a second portion 78 of beam 72 is reflected by 
the beamsplitter to pass through axis 50 to mirror 58, then to mirror 56 and back to the 
beamsplitter, where it is transmitted to pass out of the interferometer through surface 44 to 
detector 76. The first and second portions 74 and 78 of the input beam 72 thus propagate in 
opposite directions along path 64 in the interferometer, and recombine to form exit beam 80, 
which is received by detector 74. 
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[020] Shifting one mirror 56 with respect to the other mirror 58 along the plane of beamsplitter 
54 by a distance d shears the rays 74 and 78 in the interferometer to produce two virtual images 
with a separation 8 = d. 

[021] The interferometer is fabricated by shaping the rod segment as described, forming the 
beamsplitter, and cementing the halves together. An experimental cylindrical interferometer was 
fabricated from a commercial grade silica rod with a radius R = 5 mm. The beamsplitter was 
produced by depositing a layer of chromium 45 A thick, and the two halves were cemented 
together using a UV curable epoxy. Thick layers of silver were deposited to form mirrors 56 and 
58. 

[022] In operation, the external lens 70 directs the input ray 72 to the axis 52 of the first 
refracting surface, minimizing its aberration content. Light passing through the beamsplitter and 
reflected by it travels in opposite directions in the asymmetric triangular Sagnac interferometer 
formed by the mirrors 56 and 58 and on exit the beams are collimated in a horizontal plane 
(perpendicular to axes 50 and 52) by the second cylindrical surface 44. The two beams converge 
at the back focal plane of the output detector at a distance B/(n - 1), producing an interference 
pattern with vertical fringes. There is a purely geometrical restriction on the numerical aperture 
NA < 0.16 for the interferometer in this case. A wide range of refractive index values 
1 .41 < n < 3 is possible for this design. 

[023] The output image at 76 is captured by a board type monochrome camera with the aid of a 
consumer grade type framegrabber, and the analysis, including the aberration correction 
rescaling of the interference pattern, is performed off-line. 

[024] By replacing the cylindrical refracting surfaces 44 and 48 (Figs. 1 and 2) with 
microlenses such as those illustrated 104 and 108 in Figs. 7 and 8, a more flexible interferometer 
design is possible, resulting in a single block, rugged instrument, as illustrated at 1 10. 
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[025] In the embodiment illustrated in Figs. 3 and 4, the microlens interferometer 1 10 is 
fabricated from a BK7 optical glass cylinder, or rod, cut along planes parallel to the cylinder axis 
to form segments 112 and 1 14 having cylindrical surfaces 1 16 and 118 of radius R, with the axes 
of each surface being located in the opposite segment, in the manner described with respect to 
Figs. 1 and 2. The cut surfaces 120 and 122 of these segments are polished, one surface is coated 
to form a beamsplitter 124, and the two segments are cemented together at line 126 in the 
manner described above. In fabricating an interferometer for testing, the surface 120 and 122 
were cut 0.6 mm from the locations of the segment axes so as to leave sufficient material for 
grinding and polishing. 

[026] The cylindrical surfaces 116 and 1 18 are cut to form flat surfaces 128 and 130, 
respectively, which are parallel to the respective segment axes, lenses 104 and 108 are cemented 
onto these surfaces using a UV curable index matching epoxy, and mirror surfaces 130 and 132 
are formed as described above. The lenses are located to focus the inlet beam 72 as described 
above, to produce counterrotating beams 74 and 78 which are received by detector 76, also as 
discussed above. 

[027] Each of the segments 112 and 1 14 represents, essentially, a Littrow prism after all the 
surfaces are produced and a reflecting material such as silver or aluminum is deposited at the 
mirror surfaces 130 and 132. High quality optical polishing is required only for the beamsplitter 
and mirror surfaces, while the microlens bases are not so critical due to the use of an index 
matching glue. Precise positions of the surfaces are dictated by the focal lengths of the lenses. 
For an infinite conjugated optical arrangement, a pair of lenses 104 and 108 with effective focal 
lengths of 9 mm and 6 mm, respectively, were chosen in constructing this embodiment. With 
these lenses the rest of the interferometer was very similar to the cylindrical interferometer of 
Figs. 1 and 2. Asymmetry in the interferometer 1 10 is introduced by shifting the mirror 130 by a 
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distance d with respect to mirror 132, as shown in Fig. 3. A three-dimensional picture of the 
complete microlens HFTS 1 10 is shown in Fig. 4. 

[028] There are no external optical elements in the microlens HFTS 110. The light 72 from an 
infinite source enters lens 108 and forms two virtual images of the source inside the 
interferometer at a common focal position of both microlenses. Two corresponding beams are 
collimated by the exit lens and are combined at the detector 76, producing an interference pattern 
of the same diameter as the output lens (3 mm in this case). The numerical aperture of the 
instrument is NA = 0.16 and it is determined by the parameters of the output Fourier lens 104 as 
is illustrated by the marginal ray 142 shown in Fig. 3 with a broken line. 

[029] The interference pattern obtained from interferometer 1 10, is sampled and processed off- 
line as described above. 

[030] In a third embodiment of the invention, illustrated in Figs. 5 and 6, a simplified 
interferometer 200 is fabricated from standard optical components readily available from most 
suppliers. In this embodiment, the interferometer 200 is fabricated from two Littrow prisms 202 
and 204 of BK7 glass, having surfaces formed by bases 206, 208, sides 210, 212, and 
hypotenuses 214, 216, respectively. A beamsplitter 220 is formed on one of the surfaces 214 or 
216, and these surfaces are then glued together using an index matching glue to form the 
interferometer. 

[031] Surfaces 210 and 212 are coated to form mirrors, and lenses 222 and 224, also of BK7 
glass, are secured to the surfaces 206 and 208, respectively. The lenses are selected so that the 
focal point 226 for lens 222 is located in prism 204, while the focal point 228 for lens 224 is 
located in prism 202, as illustrated by the ray diagram in Fig. 5. As described above, an 
impinging light beam 72 enters the interferometer through lens 224 and is split at the 
beamsplitter to produce counter-rotating beams 74 and 78 to propagate and to exit from the 
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interferometer through lens 222. The exit lens focuses the exit beam 80 on detector 76. The 
dotted lines 230 illustrate the location of the marginal ray for the device. 
[032] The prisms 202 and 204 act as a Sagnac interferometer. Asymmetry is introduced by 
shifting one of the prisms with respect to the other by a distance d along the line of the prism 
hypotenuse, as illustrated in Fig. 5. The size of the interferometer is established by the size of 
available prisms, and typical dimensions are illustrated in the Figure. A three-dimensional 
illustration of the Littrow prism interferometer 200 is shown in Fig. 6. 
[033] Assembly of the two Littrow prisms may be carried out on precise positioning stages, 
providing a complete six-dimensional control of their mutual positions (X, Y, Z and 3 rotational 
axes) combined with a real time monitoring of the fringe orientation, to ensure accurate 
alignment of the prisms. A complete spectral device incorporating the interferometer may 
include a case to hold the interferometer, a 45° mirror to direct the output beam at the detector, 
and a board level camera such as a PixeLINK PL-A633 from Vitana Corp. with 1280 x 1024 
active pixels (7.5 (im x 7.5 \xm each), with the output from the camera being supplied to a 
suitable computer. 

[034] In the interferometer 200, the two identical lenses are used in the infinite conjugate 
arrangement, resulting in cancellation of aberration coefficients for odd powers of the field 
coordinate. The intermediate virtual images of the source are formed exactly at the Littrow prism 
hypotenuse at equal distances from both lenses. The maximum numerical aperture of this device 
NA=02. 

[035] In the computer controlled instrument described above, the interference pattern is 
digitized with a 1.3 megapixel CMOS sensor and the resulting signals are sent to a computer 
equipped with an IEEE- 1394 port. The software written in LabVIEW uses the standard API 
library, provided by the sensor manufacturer. Operating parameters, including in particular the 
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exposure time, size of the subwindow, and gain can be controlled through the software. All 
digital processing, including aberration correction, Fourier transformation, and output of the 
spectrum on the computer monitor, is performed in real time. 

[036] Common to all described embodiments, the dispersion of the refraction coefficients n (of 
the Fourier lens) and ri (of the medium between the Fourier lens and the detector) is responsible 
for the wavelength dependence of the focal length of the Fourier lens f= r /(n- ri) and a 
corresponding change of the coefficient S/ /, determining the scaling of the interferogram in the 
detector plane. The intensity at the detector is modulated by factors cos 2 ncr 0 (5f f 0 )y' and 
cos2^cr(j/ f)y' for wavenumbers cr 0 and a. If one of the frequencies is chosen as a reference 
(let it be cr 0 ) then all other frequencies will appear shifted in the spectrum according to the 
following formula: 



where a is the true value of the frequency and a m is its measured value. 

[037] In the miniature HFTS described herein, the frequency of the HeNe laser <j 0 = 15802.37 



to it by the software according to the above formula, thus taking care of this chromatic 
aberration. 

[038] In another embodiment of the invention, a miniaturized interferometer is fabricated for 
measuring spectra in a vacuum enclosure. As illustrated in Fig. 7, a static vacuum HFTS 270, 
based on an asymmetric shear interferometer design, is provided for measuring the 
electromagnetic and magnetic T-ray (THz) spectrum. In order to measure this spectrum 
accurately where atmospheric absorption is significant, a vacuum enclosure 272 is provided, in 




cm-1 can be chosen as a reference and the frequencies in the spectrum are corrected with respect 
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which is provided a compact optical interferometer 274 incorporating a polarizing grid 
beamsplitter 276 to produce two counter-propagating beams. 

[039] As illustrated, a beam 280 of radiation to be analyzed enters an inlet passage 282 of 
enclosure 272 of the spectrometer and impinges on a first, input parabolic mirror 284 mounted at 
the end of the inlet passage. The mirror 284 deflects the beam, and focuses it at a point 286 in 
the interferometer 274. This internal focus is a key element for the compact design. Between 
the mirror 284 and the focus point 286, the deflected radiation strikes the beamsplitter 276, 
which divides it into first and second beam segments. The portion of radiation 280 having a 
polarization vector which is parallel to the beamsplitter grid is reflected (to the left of the 
beamsplitter in Fig. 7) to form a first beam segment, and the radiation with a polarization vector 
perpendicular to the beamsplitter grid is transmitted to form a second beam segment. 
[040] The reflected radiation segment is directed to a mirror 290, while the transmitted 
radiation segment strikes a mirror 292, and both mirrors direct the radiation toward focus point 
(286). The reflected light beam segment propagates in a counterclockwise direction in the 
interferometer, and is reflected by mirror 292 back to the beamsplitter, where it is again reflected 
and is directed toward a Fourier exit mirror 294. Similarly, the transmitted light beam segment 
propagates in a clockwise direction in the interferometer, and is reflected by mirror 290 back to 
the beamsplitter, which transmits it and directs it toward exit mirror 294. 
[041] Exit mirror (294) is parabolic, and collimates the reflected and transmitted beam 
segments so that they recombine at a detector 296. Since these beams have orthogonal 
polarizations, a second polarizer 298 is provided between mirror 294 and detector 296 to cause 
the beam segments to interfere at the detector. 
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[042] An important element is the polarizer grid beamsplitter 276 shown in Fig. 7. The 4^im 
grid separation of a holographic grid polarizer, such as that available from Sciencetech, makes 
possible operation of the HFTS from mm- waves to 1000 cm- 1 . 

[043] The overall dimension L of the spectrometer is directly proportional to the diameter of the 
collimated beam 280 entering the device. For an input beam diameter of a few centimeters the 
value L can be on the order of 10 cm, so that the entire vacuum spectrometer can be made 
portable. 

[044] Another dimensional constraint is related to the size of the array detector 296. 
Commercially available focal plane arrays with spectral ranges from 1 |im to 1000 \im are now 
available, making possible the construction of extremely broad range and fast spectrometers. For 
example, the pyroelectric camera Pyrocam III from Spiricon has an array detector with 12.4 mm 
X 12.4 mm active area so the diameter of the output beam of the interferometer should be 
slightly larger than 1 cm. Assuming that this array is used, the resolution for different 
arrangements can be calculated. The number of the detector elements N= 124, so the diameter 
of the output lens is restricted by the detector width: D = 12.4mm, and for the high frequency 
cutoff 420 cm- 1 is assumed. Then 8a = 8 cm- 1 . For F= 5, / = 0.31 cm. By sampling only one 
half of the interference pattern, the resolution can be reduced by a factor 2 so that 5a = 4 cm- 1 . 
Further improvement of the resolution can be achieved by using a larger array detector with 
more elements. 

[045] Although the invention has been described in terms of preferred embodiments, it will be 
understood that modifications and variation may be made without departing from the true spirit 
and scope there of as set out in the following claims. 
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